Ganciclovir (GCV) resistance is an emerging problem for transplant recipients. A sensitive and rapid real-time PCR approach for simultaneous and semiquantitative detection of human cytomegalovirus (HCMV) UL97 mutations in codons 460/520 was established by LightCycler and confirmed by restriction fragment length polymorphism and sequencing. Results from HCMV laboratory strains were compared with results from 11 GCV-resistant clinical isolates.
Mutations in the human cytomegalovirus (HCMV) phosphotransferase gene (UL97) and polymerase gene (UL54) are responsible for resistance to ganciclovir (GCV) (UL97/UL54), cidofovir (UL54), or foscarnet (UL54) (2) . Over 90% of GCVresistant clinical HCMV isolates have mutations in the UL97 gene (10) . Most of the GCV-resistant clinical HCMV isolates feature mutations in the UL97 gene between codons 400 and 665 (9) . Some of the most frequent mutations occur in codons 460, 594, and 595 (4, 7). There is a high impact for genotypic resistance screening with respect to known UL97 mutations conferring GCV resistance (4) . The ratio of the wild-type and mutant strains present in HCMV-infected allogeneic hematopoietic stem cell transplant recipients may reflect clinical outcome (5, 11) . Up to now, genotypic resistance screening has been performed by PCR-based restriction fragment length polymorphism (RFLP) assay and sequencing. Combinations of RFLP assays and sequencing analysis need at least 3 to 4 days for completion. RFLP assays for the detection of mutations in codons 460 and 520 have been described previously (3, 12) . The relative frequencies of the UL97 mutations M460V, M460I, and H520Q were given previously, with the mutations found in 20 out of 75 (27%) unrelated ganciclovir-resistant isolates (4) .
We present a new LightCycler (LC) PCR assay using specific hybridization probes with melting point analysis for simultaneous characterization of the relevant UL97 codons 460 and 520 by a dual-color format with two specific pairs of hybridization probes for both codons which are each labeled with different fluorescence dyes (LC Red dye 640 and LC Red dye 705). The binding of the hybridization probe leads to a specific melting point for the wild-type sequence. In mutant strains, however, the mismatch between the hybridization probe and the mutant target sequence results in unstable binding of the probes, decreasing the melting temperature. The evaluation for the different codons can be performed by the use of different fluorescence channels. The reaction mixture utilized a master mix containing a LightCycler Fast Start hybridization probe kit (Roche Diagnostics, Mannheim, Germany) 1ϫ, 4.5 mM MgCl 2 , 0.6 M of each primer, 0.2 M of each hybridization probe, and an additional 2.5 U/reaction Fast Start Taq DNA polymerase (Roche Diagnostics, Mannheim, Germany) for increase of the sensitivity of the amplification reaction. An enhanced concentration of Fast Start Taq DNA polymerase (5 U/l) in the reaction mixture resulted in a higher sensitivity of our assay (8) . The following program was used for cycling: initial denaturation, enzyme activation at 95°C for 10 min; denaturation step at 95°C for 15 s; annealing step at 50°C for 20 s, elongation step at 72°C for 20 s, repeat for 50 cycles; and melting curve analysis at 95°C for 0 s, 50°C for 15 s, and 85°C for 0 s, with a slope of 0.1 (°C/s). The time was 80 min per LightCycler assay. The amplicon size of our UL97 PCR was 470 bp using primers 405F and 550R. Primer design was performed using Oligo primer analysis software, version 5.0 (NBI, Plymouth, United Kingdom). Hybridization probes were designed by TIB-MolBiol (Berlin, Germany) and purchased from this manufacturer. Sequences of primers and specific hybridization probes are shown in Table 1 . Proportions of UL97 wild-type and mutant strains in mixed viral populations can be determined by finding the area under the melting curve. Laboratory strains AD169 and Towne and 11 of our own clinical isolates of stem cell transplant recipients with a specific point mutation in codon 460 were investigated by the LightCycler real-time PCR assay.
The laboratory strains AD169 and Towne had a specific melting point of 65.8°C, while the point mutations in codon 460 reduced the specific melting point to 56.9°C (Fig. 1A and B) . The difference between melting points for the laboratory strains and the UL97 mutant strain pp6 (M460I, M460V) was 8.9°C. In contrast to AD169 and Towne, all other investigated clinical isolates from stem cell transplant recipients with specific mutations in codon 460 showed the same melting point as the reference strain pp6, which was derived from an AIDS patient (Dana Wolf, Jerusalem, Israel, personal communication). It was not possible to discriminate among all three different point mutations potentially present in codon 460 (M460I/V; ATT, ATA; GTG) (6), since the different nucleotide substitutions did not alter melting points. However, we were able to give proportions of coexisting wild-type and mutant strains in mixed viral populations for any mutation in codon 460 (Fig. 1B) . In a mixture of defined proportions of UL97 mutant and wild-type strains, it was possible to detect 5% mutant or wild-type strain, respectively. The detection limit of the PCR was 14 copies/assay by use of a commercially available HCMV AD169 quantitated DNA control (tebu-bio, Offenbach, Germany) with defined copy number per microliter.
The H520Q mutation was generated by site-directed mutagenesis and overlap extension. The resulting PCR product was cloned into the pGEM-T Easy vector system (Promega, Mannheim, Germany). After cloning and linearization, the vector was investigated by LightCycler real-time PCR. The laboratory strains showed a specific melting point of 65.8°C. The H520Q mutation could be detected with a decreased specific melting point of 57.8°C (Fig. 2A) . The detection limit was 14 copies/assay by use of the HCMV AD169 DNA control.
Concluding, we established real-time PCR assays for the simultaneous and semiquantitative detection of different UL97 mutations in codons 460 (3) and 520 (12) . Using melting point analysis, we can also give semiquantitative results of the wildtype/mutant ratios in mixed viral strains. In comparison to RFLP and sequencing ( Fig. 1D and 2C) , the real-time UL97 mutation analysis enabled a very rapid detection of specific UL97 point mutations associated with GCV resistance, allowing semiquantitative estimations of proportions of UL97 wildtype and mutant strains coexisting in vivo. With RFLP analysis and direct sequencing, it was not always possible to detect small amounts of mutant strains in mixed viral populations, but the real-time PCR described here enabled a sensitive detection of nondominant ex vivo mutant strains (1, 5, 11) .
In comparison to the real-time PCR assay using molecular beacons (13), our LightCycler assay offers the possibility of simultaneous detection of the H520Q mutation. The development of new semiquantitative assays for other relevant UL97 mutations conferring GCV resistance may contribute to a better understanding of the in vivo dynamics and replication of HCMV UL97 mutant and wild-type strains.
The UL97 mutant strain pp6 was a generous gift from Dana Wolf, Jerusalem, Israel. 
